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ABSTRACT
Testosterone is an endocrine disruptor that is released into the

environment from natural and anthropogenic sources. The objective
of this study was to achieve a better understanding of the complex fate
and transport of this labile compound in an undisturbed agricultural
soil (a Hamar Sandy, mixed, frigid typic Endoaquolls). This was done
by using batch and miscible-displacement experiments, and by using
a chemical nonequilibrium transport model. Sorption and transfor-
mations of testosterone were discerned using various batch experi-
ments. The batch experiments indicated that the aqueous phase
concentrations of testosterone rapidly decreased from 12 to 15%
of the initial aqueous concentration within 5 h, but then gradually
increased through time and reached 28 to 29% of the initial aqueous
concentration at 168 h. The increase in the aqueous concentration was
explained by mineralization and biodegradation. Multiple first-order
models were used to describe batch experiments where simultaneous
degradation and sorption processes occurred. An evolutionary global
optimization strategy was used to estimate the process parameters
from these batch experiments and there was high confidence in these
parameter estimates. The result of column experiments also showed
that 23.4% of testosterone was mineralized to CO2 as it transported
through the column. Combustion analyses of extracted soil from in-
side the columns showed that most of the 14C retained in the column
(69–74%) was sorbed in the top 5 cm. The independently determined
batch parameters were incorporated into a chemical nonequilibrium
transport model, which provided an excellent description of the hor-
mone in the effluent, and vertical redistribution in the soil column.

IN RECENT years, the detection of testosterone and
other potent reproductive hormones (e.g., 17b-

estradiol) in the environment has drawn increasing con-
cern among scientists, regulators, and citizens. Several
studies have shown that extended exposure to low con-
centrations of some sex hormones can alter the endo-
crine and reproductive systems of animals (Panter et al.,
1998; Larsson et al., 2000; Iguchi et al., 2001). For ex-
ample, Koger et al. (2000) exposed medaka (Oryzias
latipes) to 100 mg L21 of testosterone for 6 d and found
that newly hatched fry or 1 wk post-hatch fish displayed
intersex gonads. The majority of reproductive hormones
in the environment come from human and animal sources
(Shore and Shemesh, 2003). A survey of 139 U.S. streams
in 1999 and 2000 showed that reproductive hormones
were detected at frequencies and concentrations that
may have significant implications on the health of aquatic
organisms (Kolpin et al., 2002). These reproductive
hormone detections may have greater implications for

testosterone, which tends to have more mobility in soils
than estrogenic hormones (Casey et al., 2004).

Casey et al. (2004) used several batch and column ex-
periments to study the sorption, mobility, and transfor-
mation of testosterone in agricultural soils. Their batch
experiments indicate that testosterone sorption is cor-
related to soil particle size, organic matter, and specific
surface area. The range of log Koc values from these
batch experiments was 2.97 to 4.56. Casey et al. (2004)
used a convective-dispersive transport model with deg-
radation in the sorbed phase and fully kinetic Freundlich
sorption to describe their soil column experiments. They
estimated first-order testosterone degradation rates of
0.40 to 0.60 h21 and kinetic sorption rates of 0.1 to
0.6 h21. During groundwater recharge via soil aquifer
treatment, Mansell et al. (2004) reported that the major
removal mechanism of testosterone is biodegradation
and sorption. Mansell et al. (2004) indicated that bio-
degradation of testosterone is independent of soil type
or soil organic carbon (OC). In soil batch experiments,
Lee et al. (2003) measured testosterone log Koc values
that ranged from 3.25 to 3.52 and first-order half-lives
that ranged from 0.012 to 0.304 h21. Lee et al. (2003)
also indicates that OC was the main sorption domain
for testosterone. Das et al. (2004) modeled testosterone
column breakthrough curves using a similar convective-
dispersive equation as Casey et al. (2004), but described
sorption as a partially kinetic process (not fully kinetic)
with a linear isotherm. Das et al. (2004) used log Koc
values from the Lee et al. (2003) study to model their
column data and estimated kinetic sorption rate values
that ranged from 0.49 to 0.87 h21. Das et al. (2004) also
assumed degradation occurred on the sorbed phase and
estimate degradation rates to be 0.002 to 0.015 h21.

These initial studies have identified some sorption
and degradation processes of testosterone in soil; how-
ever, the fate and transport of this chemical in the en-
vironment is still not fully understood. Three major
weaknesses of previous studies include (i) an inappro-
priate assumption that testosterone degradation occurs
on the sorbed phase, (ii) a failure to fully quantify testos-
terone biotransformation by not trapping CO2 released
from soil experiments, and (iii) inaccuracies associated
with correctly identifying unique fate and transport pa-
rameter estimates. The objective of this research was
to investigate the fate and transport processes of tes-
tosterone more completely in undisturbed soil. This was
done by using improved batch and miscible-displacement
experiments (e.g., where CO2 is trapped), and by using a
comprehensive transport model with improved parame-
ter estimation capabilities. The unique combination of
detailed experiments with model development improves
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the means to identify coupled biological, physical, and
chemical processes in soil for testosterone and other
labile compounds.

MATERIALS AND METHODS

Soil Collection

Samples of aHamar (Sandy,mixed, frigid typicEndoaquolls)
soil were collected using pre-cleaned stainless steel cylinders
(i.d. 15 cm, height 30 cm).The cylinderswerebeveled at one end
and a specialized drop hammer was used to drive the beveled
end into the soil surface. Before the soil cores were taken all
the surface groundcover was removed. Once the cylinder was
driven fully into the soil, it was then excavated with a shovel,
and capped with grooved (to fit the cylinder diameter) Teflon
plates. As a result the soil structure was not disturbed and
remained identical to those under field conditions. The fol-
lowing soil physical properties were determined: bulk density
of 1.54 g cm23, porosity of 0.42, organic matter of 2.23%, 14.0%
clay, 19.0% silt, and 67% sand.

Chemicals
[4-14C]-Radiolabeled testosterone (.99% by thin-layer

chromatography [TLC]) was purchased from the American
Radiolabeled Chemicals, St. Louis, MO. Testosterone has a mo-
lecular weight of 288.4 g mol21, a water solubility of 5.57 mg L21

at 25jC, and a log10 octanol-water partition coefficient (logKow)
of 3.32 (Lintelmann et al., 2003).

Batch Sorption Experiments

A series of batch experiments were conducted in the labo-
ratory to determine the sorption of testosterone in natural
soils. Batch experiments were all run in triplicate and at room
temperature (21 6 1jC).

Sieved (2 mm) Hamar soil and a weak salt solution, 0.01 M
CaCl2 (Sigma-Aldrich, St. Louis, MO), were added to 10-mL
clear vials sealed with silicon/Teflon septa (Microliter Analyti-
cal Supplies, Inc., Suwanee, GA) in a ratio of 1.6 g of soil to
8 mL of 0.01 M CaCl2. [4-14C]-Radiolabeled testosterone was
then added to these vials to create solution concentrations of
0.406 and 0.738 mg L21. These concentrations were chosen
because they have been found in animal manures applied to
agricultural fields (Shore and Shemesh, 2003; Lorenzen et al.,
2004). These soil-water slurries were then agitated by rotating
the vials from top to bottom (360j every 5 s). After 0.5, 1, 5, 24,
48, and 168 h, the bottles were centrifuged at 1700 rpm (3803
g for 20 min), and triplicate 100-mL aliquots were withdrawn
through the septa of these vials using a sterile syringe. These
samples were then assayed for radioactivity by liquid scintilla-
tion counting using a 1900 CA scintillation counter (Packard,
Downers Grove, IL).

To examine the possibility of mineralization and photode-
gradation in the natural soils during the batch experiments,
another two sets of controlled batch experiments were con-
ducted in clear and amber vials with sterile soil. The sterile soil
was prepared in the following order: (i) adding 1.6 g of air-
dried Hamar soil to a vial, (ii) sealing the vial with silicon/
Teflon septa cap, (iii) autoclaving the soil and vial with cap
in place for 40 min at 122jC (a syringe was inserted through
the septa to release air pressure during autoclaving), and (iv)
adding the prepared [4-14C]-radiolabeled testosterone stock
solution with 8 mL of 0.01 M CaCl2 to the vial using a sterile
syringe and needle. During the whole process, the cap was not
removed to ensure sterile conditions. The initial concentra-
tions of testosterone and the experimental procedure were the
same as batch experiments discussed earlier.

Batch Sorption and Biodegradation Model

Previous studies have shown that sorption of hormones are
described efficiently with linear sorption isotherms (Lee et al.,
2003; Das et al., 2004). To describe the sorption and bio-
degradation of testosterone in the natural soils of this study,
linear isotherms with degradation and mineralization in the
aqueous phase were used. Figure 1 and the following set of
first-order differential equations describe the processes that
occur in the batch experiments:

]S1

]t
5 a1(Kd,1C1 2 S1)

]C1

]t
5 2

M
V

a1(Kd,1C1 2 S1) 2 vw,1C1 2 vm,1C1

](CO2)1
]t

5 vm,1C1 [1]

8>>>>>><
>>>>>>:

]S2

]t
5 a2(Kd,2C2 2 S2)

]C2

]t
5 2

M
V

a2(Kd,2C2 2 S2) 1 vw,1C1 2 vm;2C2

](CO2)2
]t

5 vm,2C2 [2]

8>>>>>><
>>>>>>:

][C(14C)]
]t

5
]C1

]t
1

](CO2)1
]t

1
]C2

]t
1

](CO2)2
]t

[3]

The mass balance for the batch experiment is given as:

52M
]S
]t

5 V
][C(14C)]

]t
S 5 S1 1 S2

[4]

The subscripts 1 and 2 represent the parent testosterone com-
pound and its metabolite, respectively; C is the aqueous con-
centration (mg L21); S is the sorbed phase concentration
(mg g21); Kd (L g21) is the linear distribution coefficient
between the sorbed and aqueous phases; vw is the first-order
transformation rate constant in the liquid phase (h21); vm is
mineralization rate constant of testosterone (h21); a is the
sorption mass transfer coefficient (h21); (CO2)1 and (CO2)2
(mg L21) represent the CO2 that was released due to the min-
eralization of testosterone and its metabolite, respectively;
C(14C) (mg L21) is the total concentration of 14C detected in
the liquid phase. Equations [1–3] contain the following seven
unknown parameters: Kd,1, Kd,2, vw,1, vm,1, vm,2, a1, and a2.

Due to the complexity of the nonlinearmathematical models
and the large numbers of parameters,models like the one above
are frequently ill-conditioned and multimodal (Banga et al.,
2003). Thus, traditional local optimization (LO) parameter
estimation methods are not suitable to find the absolutely best
set of parameters, because LOmethods can be easily entrapped
in a local minimum. Also, LO methods cannot use global in-
formation to seek the global minimum of an objective function
that has many local minima. The stochastic ranking evolution-
ary strategy (SRES) (Runarsson and Yao, 2000), a global op-
timization method, was used to solve this problem. The SRES
uses a “parent and offspring” (m, l) evolution strategy coupled
with stochastic ranking as the constraint handling technique to
obtain the global minimum of a given objective function. The
SRES can automatically balance objective and penalty func-
tions stochastically during the evolutionary search (Runarsson
and Yao, 2000). Several studies have demonstrated that SRES
is more competitive than other global optimization methods
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to uniquely solve parameter estimation problems with large
numbers of local solutions and largedimensionality (Runarsson
and Yao, 2000; Banga et al., 2003; Moles et al., 2003). For
example, Moles et al. (2003) used SRES to inversely estimate
36 parameters of a biochemical process model, and showed
that it outperformed other global optimization methods.

The global optimization problem for the batch experiments
was sought to minimize the objective function, J, which was
defined as

J 5 o
l

i51
o
n

j51
wij f[C(14C)i 2 C(14C)i]jg

2 [5]

and subjected to the following conditions:

0:01 # Kd,1 # 1:0, 0:01 # Kd,2 # 1:0
0:01 # vw,1 # 10:0
0:003 # vm,1 # 0:1, 0:003 # vm,2 # 0:1
0:1 # a1 # 1:0, 0:0001 # a2 # 0:01
Cðt Y 168Þtestosterone Y 0:0

8>>>><
>>>>:

[6]

In Eq. [5] and [6], n was the number of experiments, l was the
number of data for each experiment, C(14C)i (mg L21) was
the experimental concentration of 14C, C(14C)i (mg L21) was
the predicted concentration of 14C using the model with a given
set of the seven parameters (Eq. [1–4]), and wij was a weight-
ing function. For the batch experiments, k was set to 2 rep-
resenting the two different initial concentrations, 0.738 and 0.406
mgL21; lwas set to 6 representing the six time points 0.5, 1, 5, 24,
48, and 168 h; and wij was set to 1 (meaning all the experimen-

tal data are treated equally). The parameter bounds were set
based on previous studies (Casey et al., 2004; Fan et al., 2007).

AC library, libSRES (Ji and Xu, 2006), was used to solve the
SRES problem. To solve the ordinary differential equations
(ODE) (i.e., Eqs [1], [2], and [3]), an ODE solver, CVODE
(Cohen andHindmarsh, 1994), was incorporated into libSRES.
This ODE solver, CVODE, is suitable for both non-stiff and
stiff problems. Also a nonparametric bootstrap method was
used to estimate the 95% confidence interval for each param-
eter (Efron and Tibshirani, 1993).

Miscible-Displacement Experiments

Experiment 1

The miscible-displacement experimental setup is shown in
Fig. 2. The soil column was turned upside down so that the flow
rate was easily controlled. To minimize the air entrapment, the
soil column was slowly wetted (1 mL min21 over 72 h) with a
weak salt solution (0.01 M CaCl2) using a high-pressure sol-
vent pump. The weak salt solution was used so soil aggregates
would not be dispersed. After saturation was achieved, a
steady water flow rate of 7 mL min21 was established through
the column using the same 0.01 M CaCl2 solution. After
steady-state water flow was established and maintained, a
pulse (about 2 pore volumes) of higher CaCl2 concentrations
(0.05MCaCl2) was passed through the column and eluted with
the 0.01 M CaCl2 solution. The column effluent was fraction
collected every 3.5 min, and the conductivity of each fraction
was measured using a conductivity meter (Oakton PC 300,
VernonHills, IL). This 0.05MCaCl2 breakthrough experiment

Fig. 1. Schematic of the models that were used to describe the fate and transport of testosterone. The convection processes and gas collection
are limited only to miscible-displacement experiments.
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provided information about the physical transport of a non-
sorbing solute through this undisturbed Hamar soil.

Following this chloride breakthrough curve experiment, a
pulse of [4-14C]-testosterone (approximately 5.9 mCi, 6 000 000
dpm) was applied to the column in 300 mL of 0.01 M CaCl2
and eluted with at least 20 L (approximately 6 pore volumes)
of 0.01 M CaCl2. The column effluent was fraction collected
every 3.5 min, and each fraction was analyzed for 14C using
liquid scintillation counting described earlier. Thin-layer chro-
matography [System 2000 Imaging Scanner (Bioscan, Inc.,
Washington DC)] was also used to determine the presence of
any testosterone metabolites in the column effluent.

Additionally, distribution of resident 14C inside the soil col-
umn was determined at the end of the experiment. This was
done by extruding the soil from the column in 5-cm increments,
drying the extruded soil, and assaying it for 14C with com-
bustion analysis using a PackardModel 307Oxidizer (Meridan,
CT). Analysis for metabolites was also done on these extracts
using TLC.

Experiment 2

The result of Experiment 1 indicated a low total mass
recovery, which was calculated by adding the 14C mass from
the effluent and from within the column. It was hypothesized
that the mass-balance errors were a result of the continued
mineralization of testosterone at the end of the experiment,
and the loss of volatile testosterone metabolites from the col-
umn effluent. A nearly identical column experiment was re-
peated with two major modifications to minimize mass loss.
First, the column experiment was modified to collect any
14C-labeled volatile compounds in the effluent. To do this the
effluent droplets were passed through a stainless steel cyl-
inder (i.d. 2 cm, height 40 cm; Fig. 2). This cylinder directed
the effluent to stream down the cylinder wall (without drip-
ping), which increased the air-water contact area. Also, a gas
inlet, through which helium gas was blown, was connected at
the bottom of this stainless steel cylinder. The helium gas
was directed upward through the cylinder to an outlet. The
outlet gas was first passed through a Porapak Q column (i.d.

0.5 cm, length 6 cm) (Porapak type Q, 100–200 mesh; Waters
Corporation, Milford, MA), which trapped the 14C-labeled
volatile compounds. The Porapak was cleaned by washing in
the following order: 45 mL of MeOH, 45 mL of acetone
(.99%; Fisher Chemical, Fairlawn, NJ), 45 mL of MeOH,
and 45 mL of deionized H2O, and then was air-dried at room
temperature. After passing through the Porapak column, the
outlet gas continued through 3 M NaOH solution, which
trapped 14CO2. The second major modification to the col-
umn experiment was to stop biological activity at the end of
the experiment. This was done by applying 1 pore volume
of 0.75 mg L21 of HgCl2 to the soil column at the end of
experiment, which would inhibit nearly all testosterone bio-
degradation. All other experimental procedures were the
same as Experiment 1.

Column Transport Model

To describe the fate and transport of testosterone, the one-
site chemical nonequilibrium transport with steady-state flow
and linear sorption was used (van Genuchten, 1981). Also,
solutes involved in a chain reaction were considered, where
one compound is transformed into another while undergoing
convective-dispersive transport (van Genuchten, 1985). This
model concept is presented in Fig. 1. The following partial dif-
ferential equation quantifies this transport model:

5u
]C1

]t
1 rb

]S1

]t
5 uvl

]2C1

]x2
2uv

]C1

]x
2 (vm,1 1 vw,1)uC1

u
]C2

]t
1 rb

]S2

]t
5uvl

]2C2

]x2
2uv

]C2

]x
1vw,1uC1 2vm,2uC2

[7]

where the subscripts 1 and 2 represent the parent solute,
testosterone, and the metabolite, respectively; rb is soil bulk
density (kg m23); u is the volumetric water content (cm3 cm23);
l is the dispersivity (cm); v is the pore water velocity (cm h21);
x is depth (cm); and a, vm, vw, C, and S are defined in Eq. [1–3]
from the batch experiments.

Fig. 2. Schematic of the miscible-displacement experimental setup. Tygon tubing (6-mm i.d.) was used for all connections. In Experiment 1, the
effluents from the soil column were directly collected in the fraction collector without running through the stainless steel cylinder and trapping
14CO2 in NaOH.
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The initial condition for this problem is given as

C(x,t 5 0) 5 0 for 0 , x , L [8]

where L (cm) is the length of the column.
The upper boundary condition of the soil column is a third-

type boundary and is given as

5vC(x 5 0,t) 2 vl
]C(x 5 0,t)

]x
5 vC0(t) for 0 , t , t0

vC(x 5 0,t) 2 vl
]C(x 5 0,t)

]x
5 0 for t . t0

[9]

and the lower boundary condition of the soil column is given as

]C(x 5 L,t)
]x

5 0 for t . t0 [10]

where t0 (h) is the pulse duration and C0(t) is the dimensional
concentration from time zero to t0.

The computer software HYDRUS-1D v3.0 (Šimůnek et al.,
2005) was used to model the nonequilibrium transport of the
testosterone miscible-displacement experiments. This program
uses a nonlinear least-square routine to inversely model the
experimental data and obtain optimized model parameters.
The inverse routine iteratively fits a numerical solution of
Eq. [7] to the observed data until an optimal fit is achieved.
The optimum set of parameters is the one that provides the
lowest sum-of-squared residuals (SSQ) between the observed
data and modeled solution.

RESULTS AND DISCUSSION
Batch Experiments

The results of the batch experiment (Fig. 3) showed a
rapid decrease in aqueous 14C concentrations between
0 and 5 h, followed by a steady increase in 14C for the
duration of the experiment. Other batch sorption stud-
ies with hormones have reported a similar increase in
aqueous concentrations (Casey et al., 2004; Lai et al.,

2002) and have attributed it to the presence of metab-
olites in the aqueous phase. Thin layer chromatography
could not be used to determine the metabolites of tes-
tosterone in the aqueous phase due to a lack of radio-
activity left in the aqueous phase. However, various
reasons for the increase in the aqueous concentration
were surmised based on independent incubation experi-
ments on this Hamar soil (Fan et al., 2007) and based on
other literature. These reasons included desorption, min-
eralization, biodegradation, and/or photodegradation.

To examine whether desorption and photodegrada-
tion occurred, two parallel batch experiments in clear
and amber vials with autoclaved soils were conducted.
The results of these experiments are shown in Fig. 4,
where the vertical scale is expanded to show that the
difference between each experiment was small. In con-
trast to the batch experiments for natural soils (Fig. 3),
the aqueous 14C concentrations did not increase for the
autoclaved or sterilized soils for the duration of the
experiment in both the clear and amber vials (Fig. 4).
Also the sorption isotherms from the clear vials were
very similar to the isotherms of the amber vials. These
results suggested that bioactivity (i.e., biodegradation
and mineralization) was the major cause for the increase
in aqueous 14C concentrations in the batch experiments,
not photodegradation or desorption (Fig. 3).

Several other studies tried to model testosterone
batch studies using the sorbed and aqueous equilibrium
concentrations (Casey et al., 2004; Mansell et al., 2004).
However, it is difficult or impossible to reach true equi-
librium in a short period of time during these types of
experiments due to complex biodegradation, minerali-
zation, and mass transfer between sorbed and aqueous
phases. As a result, inaccuracies in parameter estimates
and fate and transport mechanisms were likely for these
previous studies. The approach of this study was to
use nonequlibrium Eq. [1–3] to model these batch ex-
periments for the native Hamar soil. The estimated
parameters for the simultaneous transformation, kinetic

Fig. 3. Results of batch experiments for normal soils showing the
aqueous concentration of 14C through time. The relative concen-
tration used in this figure and the other figures represents the ratio
between the measured concentration and the initial concentration.
The batch data shown are from the two different initial aqueous
concentrations, which are fitted with the model described in Eq. [1],
[2], and [4].

Fig. 4. Results of batch experiments for autoclaved soils showing the
aqueous concentration of 14C through time. The variables HC and
HA represent initial aqueous concentration of 0.738 mg L21 using
clear and amber vials, respectively. The variables LC and LA rep-
resent initial aqueous concentration of 0.406 mg L21 and clear and
amber vials, respectively.
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adsorption, and mineralization of testosterone and its
metabolite are shown in Table 1. These equations as-
sumed that the biodegradation of testosterone and its
metabolite only occurred in the aqueous phase. This as-
sumption was reasonable because organic contaminants,
including nonaqueous phase liquids, solid compounds,
and sorbed substrates, have to be dissolved or desorbed
into the aqueous phase to be available for microbial
consumption (Harms and Bosma, 1997). Additionally,
microorganisms would reduce the concentration of tes-
tosterone in the aqueous phase by degradation and
transformation, which would result in desorption of the
sorbed testosterone back to the aqueous phase. Note
that this desorption may be facilitated by biological
rather than physical processes, and was expressed as a
first-order mass exchange process (Eq. [1–3]) or a,
which represents the mass transfer between aqueous
and sorbed phase. Equations [1–3] also assumed that
all of the 14CO2 released during the experiments was
dissolved in the aqueous phase. This assumption was
also reasonable because even if all of the testosterone
was mineralized to 14CO2, then the concentration of
14CO2 would be approximately 2.14 3 1026 g mL21,
which is much less than the solubility of CO2 in water or
1.45 3 1023 g mL21 at 25jC and 1 atm (Weast, 1981).
This assumption was also supported by the fact that the
vials were sealed throughout the experiments, which
prevented 14CO2 from escaping. The results of the batch
experiments (Fig. 3) showed that the relative aqueous
concentration was independent of the initial concentra-
tion, which made it reasonable to assume that all of
the degradation and mineralization rate constants could
be expressed as first-order processes. Additionally, the
global optimization routine assured the uniqueness of
the estimated parameters (Moles et al., 2003), where the
95% confidence intervals of these estimates were small
(Table 1). Finally, the confidence in these parameter es-
timates and in the accurate identification of the fate and
transport mechanisms were high, because these param-
eters and the processes they described were used in-
dependently to describe the column experiments and
providedexcellentmodel fits to thedata(presentedlatter).
Figure 5 shows the simulated concentrations of tes-

tosterone, its metabolite, and 14CO2 in the aqueous
and sorbed phase during the batch experiments. The
aqueous concentrations of both testosterone and its
metabolite (the unidentified polar metabolite) rapidly
decreased at the beginning of the simulation and con-
tinued to gradually decrease throughout the duration of
the simulation (Fig. 5A). In a corresponding manner,
the sorbed testosterone concentrations continually de-
creased, while the sorbed concentration of the uniden-
tified polar metabolite increased throughout the batch
experiment simulation (Fig. 5B). The simulation also
indicated that the most of the 14CO2 production resulted
from the mineralization of the unidentified polar me-
tabolite, which has a lower sorption affinity (Fig. 5C).
Some conclusions about the fate of testosterone through
time in these batch experiments may be drawn from
these real and simulated results. First, testosterone was
quickly sorbed onto the soil particles. Second, the testos- T
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terone still present in the aqueous phase was quickly
biodegraded to an unidentified polar metabolite and/or
mineralized to 14CO2. Third, the decrease of testoster-
one in the aqueous phase resulted in sorbed testosterone
desorbing back into the aqueous phase, and then con-
tinually biodegrading to an unidentified polar metabo-
lite. Finally, the unidentified polar metabolite was then
sorbed onto the soil particles and/or mineralized to
14CO2. As a result, all of the testosterone will biode-
grade to the unidentified polar metabolite. Some of the
degradation pathway of testosterone is still not fully
evident from the present experiments or simulations.
Specifically, it was not clear whether testosterone was
directly degraded to the polar compound or whether
another mechanism is involved in these degradation
pathways. It can be noted that the high mineralization
and degradation rates may be due to optimal geochem-
ical conditions and high microbial activity, which are
related to factors such as soil moisture and temperature

(Lorenzen et al., 2004). Several other factors, such as
organic matter (OM), amendment condition, and chem-
ical properties of soil, also affected degradation and
mineralization rates. Jacobsen et al. (2005) reported that
the dissipation rate of testosterone was higher in the
soil amended with high-OM manure than in the soil
amended with low-OMmanure. This may have been be-
cause high OM reduced the bioavailability of testoster-
one (Jacobsen et al., 2005).

Miscible-Displacement Experiments
The range of 14C recovered (4.48–13.25%) from the

columneffluent frommiscible-displacement experiments
(Table 1) was low, which indicated that only small
amounts of testosterone and its metabolite eluted from
the soil columns. Soil combustion analyses revealed the
vertical redistribution of the testosterone in the soil
columns (Fig. 6), and indicated that most of the 14C
(70–74% of the mass recovered from inside the column)
was sorbed in the top 1 to 5 cm for both experiments.
Also, very little (0.6–1.74% of the mass recovered from
inside the column) 14C was found in the lower 5 cm of
the column. These results were similar to other studies
(Casey et al., 2004; Das et al., 2004).

Table 1 shows that the total mass recovery for Ex-
periment 1 was only 47.81%, compared with 79.75% for
Experiment 2. The results for Experiment 2 also showed
that 23.4% of testosterone was mineralized to 14CO2.
The lower mass recovery for Experiment 1 compared
with Experiment 2 was evidently caused by the emission
of 14CO2, which was not trapped in Experiment 1.
However, the total mass recovery in Experiment 2 was
still only 80%, which may have resulted from incomplete
combustion. The TLC analysis on soil extracts from the
soil within the column for Experiment 1 indicated that
28.4% of 14C was metabolized to an unidentified polar
metabolite, and only about 3.98% of 14C was recovered
as parent testosterone. In comparison, the TLC analysis
on the soil extracts for Experiment 2, where the soil was
sterilized at the end of the experiment, indicated that

Fig. 6. The results of combustion experiment showing the distribution
of 14C with depth in the soil columns at the completion of the
miscible-displacement Experiments 1 and 2.

Fig. 5. Simulation of (A) aqueous concentrations of testosterone and
its metabolite through time, (B) sorbed concentrations of testoster-
one and its metabolite through time, and (C) 14CO2 created from
testosterone mineralization through time. These simulations were
calculated using the parameters obtained from fitting Eq. [1], [2],
and [3] to the experimental batch data.
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about 50% of 14C was recovered as parent testosterone,
and only 7.07% of 14C was found to be the unidentified
polar metabolite. This indicated that testosterone con-
tinued to degrade and mineralize as the soil was ex-
truded from the soil column in Experiment 1, and would
further explain the lower mass recovery of Experiment 1
(i.e., the 14CO2 would have been lost).
Despite differences in the mass balances of Experi-

ment 1 and2, their breakthrough curveswere very similar
(Fig. 7). The tailing that was observed for these break-
throughcurves couldbeexplainedbyeitherphysical (e.g.,
preferential flow) and/or chemical (e.g., rate-limited
sorption) nonequilibrium. The chloride breakthrough
curves (Fig. 8), however, did not exhibit tailing or early
solute breakthrough, which are indicative of physical
nonequilibrium transport processes. Also, these chlo-
ride breakthrough curves were successfully described
using an equilibrium convective-dispersive equation,
i.e., Eq. [7] was used with Kd,1 5 Kd,2 5 vw,1 5 vm,1 5
vm,2 5 a1 5 a2 5 0. The excellent fit of the equilibrium
model to the chloride ion breakthrough curves (Fig. 8;
Table 1) further indicated that there was essentially no
physical nonequilibrium transport. By deduction, the
observed tailing for the testosteronebreakthroughcurves
(Fig. 7) resulted from chemical and not physical
nonequilibrium transport processes.

For the modeling of the testosterone breakthroughs,
theKd,1,Kd,2, vw,1, vm,1, and a1 values in Eq. [7] were set
equal to values obtained from the batch experiments and
held constant. The testosterone breakthrough curves l
values were set equal to the l values obtained from the
chloride breakthrough curves and held constant. Addi-
tionally, the initial breakthrough curve model param-
eters,vm,2 and a2, were set equal to values obtained from
the batch experiments and then optimized. Although a
local optimization method was used in HYDRUS-1D
to estimate these column parameters (vm,1 and a1) the
confidence in these parameter estimates was high for
several reasons. First, the testosterone and metabolite
transport were optimized simultaneously, which im-
proves the uniqueness of parameter estimates (Casey
and Šimůnek, 2001). Second, the values obtained inde-
pendently from the batch experiments, using global
optimization, improved the uniqueness of the inverse
model solution for the column experiments. Third, the
number of parameters estimated was only two. Fourth,
the estimated parameters agreed well with values ob-
tained from other batch experiments and spanned
realistic values.

The processes that the column transport model sim-
ulated provided accurate descriptions of the observed
data. This result indicated that fate and transport pro-
cesses, which the model simulated, were also accurate.

Fig. 7. Breakthrough curves of testosterone and its metabolite for
miscible-displacement (A) Experiment 1 and (B) Experiment 2.

Fig. 8. Chloride ion breakthrough curves for miscible-displacement
(A) Experiment 1 and (B) Experiment 2.
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For example, Eq. [7] simulated that all of the detected
14C in the column effluent would be metabolite, which
meant that the testosterone transformed into a metab-
olite before it exited the soil column. This simulation
was supported by the TLC analysis of the effluent that
indicated that almost all of the 14C in the column effluent
was an unidentified polar metabolite.
The mass-transfer coefficient for the unidentified

polar metabolite, a2, was greater for the column experi-
ments compared with the batch experiments (Table 1).
The greater a2 values indicate that the exchange be-
tween the aqueous and sorbed phase was faster in the
soil column experiments (Zheng and Bennett, 2002).
The reason for this might be that as this unidentified
polar metabolite eluted from the soil column then it
would cause more unidentified polar metabolite to de-
sorb back into the aqueous phase to maintain the equi-
librium between the aqueous and sorbed phases. In the
batch experiments, this compound was retained in the
aqueous phase through the entire duration of the experi-
ments, which caused slower mass-transfer rates between
the aqueous and sorbed phases. The mass transfer of the
polar metabolite between the aqueous and sorbed phases
can also explain the cause of the long eluting tail that
was observed in these breakthrough curves. As men-
tioned above, the TLC analysis also indicated that
nearly all of the 14C in the effluents was recovered as the
unidentified polar metabolite.
The mineralization rates of the unidentified polar

metabolite, vm,2, from the column experiments were
greater than rates from the batch experiments. This may
have been caused by differences in the dissolved oxygen
concentrations in the two experimental systems, where
mineralization rates of steroid hormones are related
to the availability of dissolved oxygen (Colucci et al.,
2001). In the column experiments, dissolved oxygen
would have been continually introduced into the soil
column with the influent water, thus maintaining high
mineralization rates. The batch experiments, on the other
hand, were closed systems where the oxygen would be
consumed in biological processes and not replenished
resulting in lower mineralization rates. For example, Fan
et al. (2007) showed that the mineralization rate of tes-
tosterone under anaerobic conditions is much slower
than under aerobic conditions.

CONCLUSIONS
The experiments and models developed in this article

addressed various weakness associated with discerning
hormone fate and transport in the environment. The
correct identification of testosterone fate and transport
processes and the accurate quantification of these pro-
cesses were indicated by the consistency between the
static (batch studies) and dynamic (column studies) ex-
periments. Still, there are many uncertainties when ap-
plying these laboratory results to real environmental
situations, where hormones are consistently detected
(Kolpin et al., 2002; Herman andMills, 2003). Consistent
detections of these labile compounds could result from
a lack of understanding of biologically mediated fate

processes, which include bioavailability, temperature,
redox conditions, moisture content, nutrient contents,
etc. Moreover, little is known about natural background
hormones concentrations in the environment (e.g., con-
tributed from wildlife), and whether there is a steady-
state level resulting from contributions from various
natural and/or manmade sources.
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